A Ni-10Cu-1Pd alloy was studied as a potential Cr-free consumable for welding austenitic stainless steels. The corrosion behavior of as-cast buttons with this base composition and alloys diluted by Type 304L stainless steel at levels of 4 to 84 % were investigated in Cl Ϫ solutions. Actual welds, made using a beadon-plate welding technique, were evaluated using electrochemical testing and in long term crevice corrosion exposure testing. Ni-10Cu-1Pd alloy across the entire dilution range exhibited higher repassivation potential than Type 304L stainless steel in 0.1 M NaCl solution. The repassivation potential was also higher for 0, 25, and 50 % dilution levels in aerated solutions with Cl Ϫ concentrations of 105-35 000 ppm. The breakdown behavior of the bead-on-plate welds was similar to that of conventional welds made with Type 308L filler metal. After 31 d exposure of samples with crevice-formers in 500 and 1 000 ppm Cl Ϫ solutions, the bead-on-plate weld showed one shallow attack in 1 000 ppm Cl Ϫ , but the 308L weld was attacked both in 500 and 1 000 ppm Cl Ϫ with many deep pits.
Introduction
Stainless steels (SS) are widely used as construction materials because of their corrosion resistance. Components are often joined by arc welding when fabricated into complex structures. However, the evaporation and oxidation of Cr from the molten weld pools result in the generation of carcinogenic hexavalent chromium (Cr ϩ6 ) in the welding fume. 1, 2) The US Occupational Safety and Health Administration recently issued a new standard for occupational exposure to hexavalent chromium containing a substantial reduction in the permissible exposure limit (PEL) for hexavalent Cr, which will make it difficult to weld SS in locations that are not extremely well-ventilated. 3) To reduce the emission of Cr ϩ6 from weld fumes, we have developed a Cr-free consumable for welding austenitic stainless steel that provides mechanical properties and corrosion resistance comparable to the commonly-used Cr-bearing weld consumables. 4, 5) Because the new consumable has a different chemical composition than the stainless steel base plate to be welded, it is important to consider the effects of galvanic interaction on the localized corrosion behavior of the new consumable. Therefore, two major criteria were established to develop a new weld metal for stainless steel 4) : 1. The breakdown and repassivation potentials of the weld metal should be higher than the corrosion potential of the stainless steel base metal in environments of interest to prevent localized attack of the weld metal. 2. The corrosion potential of the weld metal should be slightly higher than that of the stainless steel base metal so that the weld metal is cathodically protected. Ni-Cu alloys were selected initially based on their galvanic compatibility with Types 304 and 316 SS in chloride environments. 4) Type 304L SS was welded with Monel filler metal, which contains 28-34 wt% Cu, to create high quality welds with no cracks.
4) The welds passed bend tests and survived long term exposure to mildly aggressive environments like 0.1 M NaCl with no evidence of corrosion. 4) However, segregated regions rich in Cu were susceptible to corrosion attack in the welds. 4) Subsequent work on alloys with lower Cu content led to the selection of Ni10wt%Cu-1wt%Pd, which has improved corrosion properties as a Cr-free filler metal for welding of Type 304 SS.
5)
The prior work on development of the Ni-10Cu-1Pd was based on the corrosion behavior of small button samples. For real welds using a dissimilar weld consumable, however, it is important to consider the corrosion resistance of the fusion boundary region, where steep chemical and metallurgical changes will exist. 6, 7) All of the elements of interest, including Cr, Fe, Ni, Cu, and Pd, will exhibit compositional gradients in this region. Even if the weld metal and base metal exhibit good corrosion properties individually, it is possible that the fusion boundary could be susceptible to a form of corrosion because of the composition transition that occurs there.
One of the major heterogeneities in dissimilar metal welds is the compositional change associated with dilution of the filler metal by the base metal. A compositional profile across a Monel/304L weld found that Fe changed from 10 % to 70 %, Cr from 3 % to 20 %, Cu from 25 % to 0 %, and Ni from 62 % to 10 %.
4) The effect of each element on the corrosion resistance of Ni-Cu alloys was studied, 5) but the effects of the combined changes of those elements were not completely investigated. Dilution is defined as the concentration of the base metal in the weld metal. For example, a weld metal with 50 % dilution by an 18-8 base metal would contain about 9 % Cr and 37 % Fe, assuming that the weld consumable contained neither of these elements. The level of dilution was controlled only up to 50 % in our previous study. 5) However, considering that the composition in the HAZ is equal to that of the base metal within a short distance from the fusion zone, dilutions up to 100 % must be studied. Actual welds can also have other heterogeneities such as different microstructures, formation of secondary phases, partial liquation, and inclusions. [8] [9] [10] [11] The effect of dilution in the whole range from 0 to 100 % on the localized corrosion of the Ni-Cu-Pd alloys is addressed in this paper. This information should identify the most susceptible region in an actual Ni-Cu-Pd/SS weld. Ni-Cu-Pd/SS welds were produced by making simple bead-on-plate type spot welds and then evaluated by cyclic polarization test and long term crevice corrosion test in aerated 0.1 M NaCl solution.
Experimental Procedures
Buttons were prepared by electric-arc melting of pure elemental mixtures to result in a sample weighing about 10 g. The effects of dilution were studied in these samples by adding chips of stainless steel, to result in dilution levels of 4-84%. The microstructure of button samples produced by the button melter is almost the same as that found in actual welds because the button is melted in a copper crucible and the resultant cooling rate is similar to that of the weld metal during welding. After solidification in the button melter, about 0.5 mm was ground off the bottom of each button prior to corrosion tests. These samples were mounted in epoxy and polished with abrasive paper to 600 grit. Before each test, the sample/epoxy boundary was masked with black wax to minimize crevice corrosion. Samples were inspected after each run, and most were free of the crevice attack. However, a few still exhibited some crevice artifacts.
Actual welds were produced using a 6.35 mm thick Type 304L (UNS S30403) base metal plate and a 2.5 g Ni10Cu-1Pd slug. The slug was inserted into a hole in the plate 9.5 mm in diameter and 2.5 mm deep, and melted using Gas Tungsten Arc Welding (GTAW) with pure Ar shielding gas, Fig. 1 . After welding, the chemical composition in the weld metal was analyzed in a scanning electron microscope (SEM) using energy dispersive spectroscopy (EDS) to calculate the level of dilution in this simulated weld. Conventional welds on Type 304L made using Type 308L filler metal (AWS ER308L) were prepared by GTAW. The compositions of these materials were given in the previous papers, 4, 5) and details of the welding process are shown in Table 1 . For the microstructural observations, both welds were polished and electrolytically etched in 50 % HNO 3 solution.
The top surfaces of this bead-on-plate (BOP) weld and conventional 308L/304L welds were exposed in solution for the corrosion tests. For electrochemical tests, the sample was cut in half and then half of the top surface was exposed in the solution (Fig. 2) . The area ratio of base metal to weld metal for both the BOP weld and 308L weld was 4 for electrochemical testing. The weld samples were polished with abrasive paper to 600 grit.
Cyclic potentiodynamic polarization was performed at a scan rate of 10 mV/min in air-bubbled 0.1 M NaCl at room temperature. The breakdown potential (E B ) was considered to be the potential when the current density reached at 100 mA/cm 2 . The potential scanning direction was reversed when the current density reached 500 mA/cm 2 . Each sample was tested three to five times in the same condition. The error bars show the scatter in the data; unless otherwise stated, if no error bars are visible in a plot, the scatter is smaller than the size of the symbol for the data point. Cyclic polarization tests were performed on as-cast Ni10Cu-1Pd buttons with a full range of dilution from 0-100 % in 0.1 M NaCl. Type 304L stainless steel and as- Table 1 . Details of GTAW procedure for the simulation of Ni-Cu-1Pd weld. cast Ni-10Cu-1Pd alloys with dilution levels of 0, 25, or 50 % were also tested in solutions containing 105, 350, 1 050, 3 500, 10 500, or 35 000 ppm Cl Ϫ . The BOP weld and conventional 308L/304L samples were tested electrochemically using potentiodynamic polarization.
Long term crevice corrosion testing of the BOP weld and conventional 308L weld samples was carried out according to ASTM G78. A crevice was formed using a Derlin ® crevice former having 20 crevice pad areas. The test coupon had dimensions of 2.5ϫ5 cm, with a base metal to weld metal area ratio of 10. A 6 mm diameter through-hole was drilled with its center at the edge of the weld region to accommodate the crevice assembly, Fig. 3 . The crevice assemblies were attached to the samples and loaded to a torque of 75 in-lbs (8.5 N-m) while the assemblies were immersed in the solution to allow wetting of the solution between the washers and sample surfaces. The creviced samples remained immersed in aerated 500 or 1 000 ppm Cl Ϫ solution for 31 d. After the exposure, the crevice region was examined and the depth profile of each attack site was measured using profilometry.
Results and Discussion

Ni-10Pd-1Cu Button Samples
The breakdown potential (E B ), repassivation potential (E RP ), and corrosion potential (E CORR ) were evaluated for Ni-10Cu-1Pd button samples in aerated and deaerated 0.1 M NaCl solution at room temperature as a function of dilution by 304L, Fig. 4 . In an actual weld, the level of dilution will vary from about 10-50 % in the weld metal, depending on welding parameters, to 100 % in the base metal. A hot-annealed type 304L stainless steel plate was used to represent the condition of 100% dilution, and as-cast buttons were used for the other dilution levels. The general trends with increasing dilution were: E CORR increased, E B increased, and E RP decreased. The values of E B and E RP were relatively independent of aeration. E B increased by about 100 mV across the range of dilution, probably as the result of increasing Cr concentration and the inclusion of Cr in the passive oxide film.
12) E RP decreased by about 100 mV with dilution from 0-80 %, and then by almost 200 mV as the dilution increased further to 100 %. The latter change could be related to the fact that the 100 % dilution sample was a plate that had not been melted. The separation between E B and E RP , which is essentially the size of the hysteresis in the polarization curve, is one measure of the stability of localized corrosion.
13) The quantity (E B Ϫ E RP ) increased with increasing dilution, indicating that localized corrosion is easier to stabilize with increasing dilution. The undiluted alloy exhibited a small hysteresis, with the average value of E RP being less than 70 mV below the average value of E B . This small difference suggests that localized corrosion in Ni-10Cu-1Pd is very difficult to stabilize, in contrast to the behavior of 304L SS.
The largest effect of aeration was on the corrosion potential for dilution levels of 50 % and less, where the E CORR was more noble in the aerated solution. The quantity (E B ϪE CORR ) was greater than 400 mV across the full range of dilution, indicating a good general resistance to localized corrosion. However, the quantity (E RP ϪE CORR ) decreased with increasing dilution and was less than 50 mV for the SS plate at 100 % dilution. This quantity is a more conservative measure of susceptibility than (E B ϪE CORR ) and reflects the susceptibility of 304L to stable localized corrosion despite its high breakdown potential.
The positive values of (E B ϪE CORR,SS ) and (E RP Ϫ E CORR,SS ), where E CORR,SS is the corrosion potential of stainless steel (given by the points at 100 % dilution), satisfy one of our design criteria. However, the trends exhibited in Fig.  4 suggest that the localized corrosion behavior of a real weld could be very complicated.
Type 304L stainless steel and as-cast Ni-10Cu-1Pd alloy buttons with dilution levels of 0, 25, and 50% were tested in aerated solutions containing different Cl Ϫ concentrations: 105, 350, 1 050, 3 500, 10 500, or 35 000 ppm, Fig. 5 . Many of the trends in Fig. 4 are evident in this figure: with increasing dilution the values of E B increased and E RP decreased. E CORR values for all Ni-10Cu-1Pd alloys were lower than E B and E RP over the full range of Cl Ϫ content, and the separation between E B and E RP or between E B and E CORR decreased with increasing dilution. Figure 5 clearly shows that all of these critical potentials decreased with increasing chloride concentration. The values of E B were most dependent on chloride concentration, with a slope of Ϫ115 mV/decade, whereas E RP exhibited a slope of only Ϫ80 mV/decade. The difference in E B between the NiCu-Pd alloys and 304L SS decreased with increasing chloride concentration, and there was very little difference at the highest chloride concentrations. The corrosion potentials were weakly dependent on chloride concentration, and as also shown in Fig. 4 , were essentially independent of dilution for these aerated solutions. For 304L stainless steel, the repassivation potential was essentially identical to the corrosion potential for the two highest chloride concentrations. The much higher values of (E RP ϪE CORR ) for the Ni10Cu-1Pd alloys suggest that these alloys exhibit more localized corrosion resistance than type 304L stainless steel in neutral Cl Ϫ containing solutions such as potable water, fresh water, and seawater environments. 12) 
BOP Weld Samples
The microstructures of the 308L weld and BOP weld are shown in Fig. 6 . The 308L weld microstructure consists of a mixture of ferrite and austenite while the BOP weld metal is fully austenitic (no ferrite). Both welds show a banded structure in the HAZ which results from ferrite along the rolling direction in the Type 304L plate. The BOP weld has a very distinct fusion boundary with large grains in the HAZ. The SEM/EDS analysis (Fig. 7) shows that the banded structure in the HAZ has higher Cr and lower Ni content than the adjacent matrix, confirming that is delta ferrite. Hot-annealed Type 304L plate usually contains a certain amount of delta ferrite.
12) The BOP weld showed larger distribution of delta-ferrite at its fusion boundary than 308L/304L weld.
The BOP weld and 308L/304L samples were tested by cyclic polarization in aerated and deaerated 0.1 M NaCl solution, Fig. 8 . The polarization curves for the two welds were very similar. E B for the BOP weld was about 30 mV lower and E RP was about 50 mV higher compared to the 308L/304L samples. They exhibited almost identical E CORR values, which is not surprising since they had the same base metal and the base/weld metal area ratio was 4. The values of E B , E RP , and E CORR for weld samples are included in Fig.  4 on either end of the data that show the effects of dilution. The dilution of the BOP weld was about 45 % as determined by EDS compositional analysis, but the exposed area also included a large 304L base metal area. The value of E B for the BOP weld was a little higher than the value predicted for button samples with 45% dilution. However, the E RP of the BOP weld was lower than any alloy based on Ni-Cu-Pd because the level of dilution across the welding interface in BOP weld was from 45 to 100 %, so that pits formed, grew, and repassivated in the base metal as well as the weld metal. In summary, the cyclic polarization tests indicate that the corrosion properties of BOP weld were comparable to the conventional 308L/304L weld.
Crevice Corrosion Tests
The BOP and 308L/304L welds with attached crevice formers were exposed to aerated 500 and 1 000 ppm Cl Ϫ solutions for 31 d. Figure 9 shows both sides of the samples exposed in the 1 000 ppm solution. The BOP weld exhibited no attack in the 500 ppm Cl Ϫ solution. In the 1 000 ppm solution, only one attack site formed, and it was in the weld metal. The 308L/304L weld exhibited severe crevice corrosion in both solutions. Figure 9 shows that three of the four attack sites were in the weld metal. Profilometer traces across the attacked sites are given in Fig. 10 . The maximum attack depth of the BOP weld crevice was 2.5 mm, but that of the 308L weld was about 30 mm deep. These exposure results are consistent with the difference in repassivation potentials and show that the Ni-10Cu-1Pd welds have better crevice corrosion resistance than conventional 308L welds.
After the crevice corrosion test in 1 000 ppm Cl Ϫ solution, the typical morphology of the attacked Ni-10Cu-1Pd BOP weld appeared to be intra-dendritic where the central cores of the dendritic structure were corroded, but the dendrite boundaries were not so heavily attacked, Fig. 11 . Using EDS, the Pd and Cu concentrations were detected to be a little higher in the attacked area than in the matrix. By analysis at higher magnification, it was possible to find small areas where the concentration of these elements increased further, up to 7.4 wt% Pd and 13.6 % Cu, showing evidence of the enrichment of the noble elements at the site of localized attack in Ni-Cu-Pd alloy. This concentration of noble elements in the crevices was from dealloying of the metal, i.e. selective dissolution of Ni and enrichment of Cu and Pd. It has been reported that noble elements such as Pd can enrich at the bottom of attacked sites and change the kinetics of the electrochemical reactions. [14] [15] [16] [17] SS welds using the Ni-10Cu-1Pd alloy exhibited good resistance to localized attack, but these welds are composed of several different areas including base metal, weld metal, and complex welding interface with a full range of dilution. As the dilution increased, E B increased, but E RP decreased considerably because higher dilution made the alloy more like stainless steel. It could be argued which combination is better for resistance to localized corrosion: high-E B /low-E RP or low-E B /high-E RP . Across the welding interface of this dissimilar weld, the area close to the base metal will be at high dilution with high-E B /low-E RP , but the area close to the fully diluted weld metal (away from the fusion boundary) will be at low dilution with high-E RP /low-E B . A long term corrosion study may be needed on these two different areas for the further development of this new filler metal.
Conclusions
The effect of dilution on the corrosion of a new consumable for welding austenitic stainless steel, Ni-10Cu-1Pd, was studied in aerated Cl Ϫ solutions and simulated welds with this alloy were evaluated by electrochemical testing and in long term crevice corrosion tests. The following can be concluded:
(1) The repassivation potentials of alloys composed of Ni-10Cu-1Pd diluted by Type 304L stainless steel in the complete range of dilution from 0 to 100 % were higher than the corrosion potential of type 304L stainless steel in 0.1 M NaCl solution, satisfying one design criterion for the new weld consumable.
(2) Ni-10Cu-1Pd alloy with dilutions of 0, 25, and 50 % showed higher E RP than that of type 304L stainless steel in aerated Cl Ϫ solutions of concentration from 100 to 30 000 ppm.
(3) The repassivation and breakdown potentials of an actual Ni-10Cu-1Pd/304L weld were found to be higher and lower, respectively, than those for a standard 308L/ 304L weld in 0.1 M NaCl solution.
(4) After 31-d crevice corrosion tests in 500 and 1 000 ppm Cl Ϫ solutions, the attack in the Ni-10Cu-1Pd/ 304L weld was much less than in a standard 308L/304L weld sample.
